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Introduction
Auto-ignition in turbulent non-premixed flows has significant practical applications and quite subtle fundamental aspects [1] . In numerical studies of auto-ignition phenomena, turbulence and unsteady chemistry must be modelled accurately. In order to obtain accurate simulation results for the turbulence, the Large-Eddy Simulation (LES) approach is gaining interest. For the turbulence-chemistry interaction, the Conditional Moment Closure (CMC) [2] , Probability Density Function (PDF) [3] , steady [4] and unsteady flamelet models [5] with presumed PDF or the flamelet/progress variable (FPV) or Flamelet Generated Manifold (FGM) model [6, 7] can be used. In this work we adopt the CMC approach, which can deal with slow chemistry, while it is in general less time consuming than PDF methods.
Previous LES studies, mostly focus on simple geometries such as the jet in vitiated air [8] or the fuel jet in heated air enclosed in a duct [9] . The focus of the present work is the latter test case. In [9] , different set-ups are described. Here, we focus on auto-ignition in the case where the fuel jet velocity u f uel is higher than the co-flow air velocity u cf .
For validation purposes, the case of [8] , for which more data are available, is in principle better suited and we briefly mention some basic results for this case. A more detailed analysis for this case will be reported later. Yet, the CMC code has already been extensively validated in e.g. [11] [12] [13] , so that we consider it justified to focus here on [9] . This test case concerns auto-ignition of hot hydrogen, diluted with nitrogen, injected from a central nozzle into a heated turbulent air co-flow. In the experiment, visual observations over a wide range of operating conditions revealed qualitatively distinct regimes (no ignition, random spots, flashback and lifted flame). We illustrate below that all these regimes are encountered with our LES-CMC approach. The Berkeley and Sydney flame [8, 10] shows a continuous sheet, with only the base having a fragmented nature -see the images in [14, 15] . The Cambridge burner for some conditions shows a lifted or attached flame, but in others it shows a fragmented flame ('spots') everywhere. Our work aims to examine if both auto-ignition behaviours can be predicted by the same combustion model implemented in LES. LES has the intrinsic capability to capture unsteady flow features, which should be the key to simulating the transient auto-ignition spot behaviour.
Numerical investigations of the case [9] , reported so far, were undertaken mainly with the transported PDF with detailed combustion model [16, 17] , or tabulated chemistry [18] in combination with LES. In [19] , the CMC model has been applied in a RANS context but the 'random spots' regime was not reproduced: in all cases studied an attached flame was formed. More recently, CMC has been successfully applied in LES context [20] . In all studies mentioned, the focus was on auto-ignition in the case of equal fuel and air velocities. As mentioned, we focus on case where u f uel > u cf .
At the relatively low temperatures, for the test case at hand, there is some uncertainty in the reaction rate constants and the choice of the detailed chemistry mechanism can be of great importance. Crucial are intermediates and slow reactions, which increase the pool of reactants. Therefore, the low temperature non-premixed auto-ignition behavior of the following chemistry mechanisms is discussed in [21] : Li et al. [22] , Mueller et al. [23] , Yetter et al. [24] , O'Conaire et al. [25] and Konnov [26] . In the present paper, we compare only the mechanisms of [22] [23] [24] in 3D LES-CMC simulations. The sensitivity of RANS-PDF predictions of the auto-igniting jet in vitiated air [8] to the detailed hydrogen mechanism has already been reported [27] [28] [29] . The test case of [8] differs from [9] in composition of the fuel and co-flow, as well as in geometry and temperatures (e.g. T f uel ). Therefore, it is not straightforward to simply extrapolate the findings for case of [8] to the case of [9] , studied here. This is reported in [21] .
We have already reported LES-CMC results for this case [13] . There, we discussed various implementation options for the CMC combustion model in LES, the influence of the CFD and CMC mesh resolution in physical space and the turbulence inlet boundary conditions. These aspects are not repeated here and we take advantage of knowledge as reported in [13] . However, here we discuss 'random spots' regime and we illustrate that the first-order CMC, coupled with LES, is viable for the test case at hand, simulating different auto-ignition regimes of [9] . The scalar dissipation rate profiles are examined as well. Also, more detail sensitivity study of the lift-off height to different co-flow temperatures and velocities is reported for different chemistry mechanism.
LES-CMC modelling
The filtered mass and momentum equations are solved [30] :
whereρ is the resolved density, u i is the resolved velocity in the i direction,
is the sub-grid scale stress tensor, for which we apply the standard Smagorinsky model [31] , with fixed model constant, C s = 0.1 as in [13] .
In [13] , we illustrated that this is a justified choice for the test case at hand. A transport equation for the filtered mixture fraction, ξ is also solved [13] , where a constant Schmidt number (Sc = Sc t = 0.7) has been considered.
The mixture fraction variance is obtained from a gradient type model [32, 33] :
where C is taken constant (C = 0.1) [13] . The CMC equations for the conditionally filtered reactive scalars in LES context read [34] :
where Q α = Y α |η represents the conditionally filtered reactive scalar, u i |η is the conditionally filtered velocity, N |η is the conditionally filtered scalar dissipation rate and D t is the sub-grid scale turbulent diffusivity. The variable η is the sample space variable for mixture fraction, ξ, and the operator ·|η denotes fulfilment of the condition on the right hand side of the vertical bar. The conditional fluctuations around the conditional mean are neglected in the first order CMC. The first term on the left-hand side of Eq. (4) is the unsteady term. The second term represents the transport by convection (T 1 ). The last term on the left-hand (T 2 ) side represents diffusion in mixture fraction space, also known as the conditional scalar dissipation rate term. The first term on the right-hand side (T 3 ) is the conditional chemical source term, determined using first order closure. The last term on the right-hand side, i.e. the sub-grid scale conditional flux, (term T 4 ). It accounts for the conditional transport in physical space and it is modelled using the gradient approach [13] .
For complete closure of Eqs. (4) and (5), models are required for N |η and u i |η as well. The conditionally filtered velocity is taken constant [11, 35] : u i |η = u i . The conditionally filtered scalar dissipation rate is modelled with the Amplitude Mapping Closure (AMC) model [36] :
This model requires an unconditional filtered scalar dissipation rate N , which is found by summation of the resolved and the sub-grid scale contributions:
In the AMC model as described, the conditional scalar dissipation rate profile as function of mixture fraction is prescribed by the bell-shape function,
. In practical applications, a coarser grid is used to solve Eqs. (4) and (5) [11, 13] . Thus, the information must be induced from the LES mesh onto the CMC mesh. Here, volume averaging is applied to the unconditional quantities and the models for the conditional quantities are applied on the CMC resolution, in case of velocity and turbulent diffusivity, as in [12, 13] . In case of scalar dissipation rate, PDF-weighted averaging is used and the AMC model is applied on the LES resolution. This is described in detail in [13] .
The unconditional values are determined as:
The density-weighted filtered PDF ( P (η)) is assumed β-shaped and is calculated from the resolved mixture fraction and variance [13] .
Chemistry mechanisms
Different detailed comprehensive chemistry mechanisms exist for H 2 /O 2 reaction kinetics. In the present study, three chemistry mechanisms are applied to lowtemperature (e.g. 900-1000K) auto-ignition in non-homogeneous mixtures. They differ by the reactions rate constants. In [21] , we extensively discussed the chemistry behaviour for both cases [8, 9] . Yetter et al. [24] presented a detailed mechanism ( [23] , keeping 19 reactions as in [24] . This mechanism was extensively studied at flow reactor conditions, but it was not tested for other types of experiments. Subsequently, Li et al. [22] updated this H 2 /O 2 mechanism, based upon new thermodynamic data and rate coefficients validated against a wider range of experimental conditions (298-3000K, 0.3-87atm). The following parameters were revised: the formation enthalpy of OH, the rate constant of the branching reaction (R1), the rate constant of (R8) and the low-pressure-limit rate constant of the competitive reaction (R9).
Test cases

Berkeley case
The Berkeley burner [8, 10] consists of a fuel jet nozzle and a surrounding perforated disk. The jet nozzle inner diameter is 4.57mm (d) and the wall thickness is 0.89mm. The outer disk has a diameter of 210mm with an 87% blockage and consists of 2200 holes with a diameter of 1.58mm.
The fuel stream consists of hydrogen diluted with nitrogen, where the level of dilution is strongly different from the case [9] examined in the next section. The vitiated air consists of the products of a lean hydrogen/air flame. The stoichiometric mixture fraction is 0.474. The ratio between jet and co-flow velocity is higher than in the case of [9] . The low co-flow velocity suggests that turbulence is mainly created by shear stress. Table 2 summarizes the boundary conditions. The flame spontaneously ignited in the laboratory starting at downstream locations when the co-flow is operating and the jet flow is turned on. For these conditions, the observed lift-off height was about ten nozzle diameters [8] . There were no visually obvious auto-ignition events well below the lift-off height. A quantification of a most reactive mixture fraction was not reported.
As in [13] , we use an in-house LES code, developed at Vrij Universiteit Brussel (VUB), Belgium [37] as flow field solver. In the CMC code, developed [38] and validated [12] at Cambridge University, equations (4) and (5) are solved, using the velocity and mixing field from the flow field solver. The mean density, required for the flow calculations, is obtained from the conditionally averaged values of the CMC calculations, weighted by the mixture fraction probability density function (β-PDF) (Eq. (9)). The computational domain extends axially 30d downstream from the jet inlet (roughly 137mm) and radially up to 20d (91.4mm). Results are obtained with the grid comprising 192 × 48 × 48 cells in LES and 80 × 4 × 4 cells in CMC. The LES grid is stretched smoothly toward the co-flow in the radial direction and is expanded smoothly in the axial direction. The jet inlet is resolved with 12 × 12 cells in the inflow (x-z) plane. The CMC grid is expanded smoothly only in the axial direction. The mesh in mixture fraction space consists of 51 nodes, clustered around the most reactive mixture fraction (η mr = 0.0534 for T cf = 1045K). In [21] , grid refinement was investigated and this resolution was shown to be sufficient. The most reactive mixture fraction has been determined with a stand-alone 0D-CMC code where the micro-mixing is switched off by using a scalar dissipation rate of 10 −20 s −1 , giving thus a parallel solution to a series of homogeneous reactors of variable mixture fraction. In order to generate turbulence in the co-flow, the digital filter method [39] is used. The co-flow turbulence lengthscale was chosen to be 1.6mm, the size of the holes in the outer disk. The turbulence intensity is 5% [8, 28] . The simulations are started from a developed inert flow field at time t 0 . After 20ms, statistics are collected over a period of 17.5ms corresponding to 13.7 flow times, with one flow time being equal to axial length of the computational domain divided by the fuel exit velocity. Time averaged data are compared with the measurements. The lift-off height is defined as the location where OH mass fraction reaches 2 × 10 −4 [27] .
Cambridge case
The fuel, with mass fractions Y (H 2 ) = 0.13 and Y (N 2 ) = 0.87, is injected into a heated air co-flow through a 2.25mm (d) internal diameter pipe at ambient pressure. The configuration is confined with, the main test section consisted of 25.0mm (D) inner diameter vacuum insulated quartz tube. In the experiments, air velocities (u cf ) up to 35m/s, with air temperature (T cf ) up to 1015K, have been applied and the fuel velocity ranged from 20 to 120m/s, with fuel temperature (T f uel ) between 650K and 930K. For the given fuel composition, the stoichiometric mixture fraction, η st , is 0.184. In [40] it is discussed how ignition always occurs at a well defined most reactive mixture fraction, η mr . In the case under study, the most reactive mixture fraction (η mr ) is less than 0.041 [21] , i.e. very lean. Consequently, the set-up is much more sensitive to perturbations in the co-flow than in the fuel jet. This is in detail examined in [21] and confirmed below. Visual observation over a wide range of operating conditions showed the following qualitatively distinct regimes: 'no ignition', 'random spots', 'flashback' leading to anchored flames and 'lifted flame'. For low temperatures, no auto-ignition was observed within the length of the tube under investigation ('no ignition' regime). For a certain range of higher T cf and/or Y H 2 , lower u cf and/or u f uel , instantaneous auto-ignition occurred in form of 'random spots'. In this statistically stationary regime, each auto-ignition event was associated with a short-lived ignition kernel. These ignition kernels were convected downstream by the flow before they disappeared. The ignition length increases by decreasing co-flow temperature or velocity. As the temperature was increased or dilution and velocities decreased, auto-ignition moved upstream towards the injector and became increasingly frequent. At even higher T cf , Y H 2 and/or low u cf as soon as the fuel was switched on, auto-ignition and subsequent flashback occurred. In this, 'flashback' regime, the first ignition kernel, randomly located in space, gave rise to a diffusion flame attached on the injector.
A CFD mesh of 192 × 48 × 48 cells is used, covering a domain of 30d (67.5mm) × 25mm (D) × 25mm (D). The CMC mesh consists of 80 × 8 × 8 cells. The number of nodes in mixture fraction space is 51 with clustering around η mr . These resolutions have been shown to be sufficient in [13, 21] . The inflow turbulence generator is based on the digital filter method [39] , with chosen length and time scales of 4.5mm and 1ms, and turbulence intensity 12.5% [9] . At the air and fuel inlets, frozen inert mixing distributions in mixture fraction space are used.
For the present test case, [13] contains an extensive sensitivity study of the simulation results to mesh sizes, inflow (turbulence) conditions and numerical issues. The settings, mentioned above, have thus been verified in [13] and we do not repeat thus study here. Rather, we focus, here, on the case where T f uel is 691K and T cf is varied: 935K, 945K, 960K, 980K and 1009K. The fuel velocity, u f uel , is first set to 120m/s while u cf ranges from 20 to 35m/s. We in detail discuss instantaneous fields for 'random spots' regime what has not been done in previous study [13] . Comparing to [13] , the sensitivity study is here extended to the influence of the fuel velocities as well as different chemistry mechanisms. Also, the feasibility of using first order CMC for the test case at hand is discussed by looking at scalar dissipation profiles.
In the literature, several definitions exist to determine ignition. We use the criterion of [27] , where auto-ignition is defined as the first point where Y (OH) exceeds 2×10 −4 . In [13, 21] , we showed that this leads to almost identical results as the criterion of [16] , based on a maximum local temperature increase of 1% over the nominal co-flow temperature, for the test case at hand.
Results and Discussion
Berkeley case
The radial profiles of mean mixture fraction at various axial locations (y/d = 1, 8, 10, 11, 14, 26) in the lifted flame are shown in Fig. 1 for the conditions listed in Table 2 . In the experiment, the mixture fraction is defined based on [41] , modified for H 2 /N 2 system. Good agreement of measured and computed mixture fraction fields is observed for most axial positions, despite some overprediction from at y/d = 14 onwards. Good agreement, particularly in the jet stream and the layer between jet and co-flow stream, shows that the grid choice with the refinement in the jet region is satisfactory to reproduce the mixing sufficiently accurately for this problem. The good quality of mixture fraction profiles is very important for the quality of the values for all species. Fig. 2 shows the lift-off heights (H) for a range of a co-flow temperatures (T cf = 1010K, 1022K, 1030K, 1045K, 1060K and 1080K) using the chemistry mechanism of Li et al. [22] . In Fig. 2 , the simulation results are compared with the data measured independently by Cabra et al. [8] , Gordon et al. [10] and Wu et al. [42] . The Gordon et al. results (a) and (b) refer to measurements taken in two separate experiments. The flame with T cf = 1080K is an attached flame in the simulations. When the temperature is reduced, a lifted flame is observed. The results confirm previous findings with transported PDF simulations [27] which showed that the flame is extremely sensitive to changes in the co-flow temperature. In their cal-culations a lift-off height of H/d = 10 corresponded to a co-flow temperature of 1033K.
The uncertainty in the temperature measurements reported in [8] was of the order of 30K. This is indicated by the horizontal error bar in Fig. 2 . It is clear that the lift-off height predictions are within the experimental uncertainty and in good agreement with the measurements of [42] . The good quality of this results allows the study of the Cambridge case. Figures 3 and 4 show radially and time averaged conditional temperature and species mass fractions (OH, H 2 O, H, HO 2 ) profiles, as obtained on the CMC mesh. The results are presented for T cf = 960K, u cf = 26m/s and the mechanism of [22] . Each line in Fig. 3 corresponds to one plane of CMC cells. Fig. 4 is a 2D representation of Fig. 3 for three axial locations. Time averaging for the LES and CMC results was performed with data collected over 10ms, approximately 18L/u f uel (L = 67.5mm), after a statistically steady state has been reached. A lifted flame is recognized. The lift-off height, defined using the criterion of [27] , is approximately 11.2mm (5d). Fig. 3 illustrates the gradual evolution of flame structure from the inert ('frozen') distribution at the inlet to fully 'burning' distributions Auto-ignition is indeed characterized by a build-up of concentration of HO 2 prior to ignition, while premixed flame propagation is characterized by simultaneous initiation of build up of all radicals [10] . Just upstream of the auto-ignition point there is build up of HO 2 radical, ahead of the flame edge (Fig. 3) , prior to creation H 2 O, H and OH, indicating that the flame is stabilized by auto-ignition at its base. Note the travelling of the peak of HO 2 from the most reactive mixture fraction towards η = 0 and η = 1 after auto-ignition. These reaction fronts consume the already premixed fuel-air and result in the establishment of a normal non-premixed flame. As Fig. 3 shows, this condition is not fully achieved for all mixture fractions, at the very rich side, at the end of the simulation domain. However, such rich mixture fractions do not appear in physical space in that region. The non-premixed flame condition is met from y = 0.018m onwards, i.e. from y = 1.6 × L ign onwards. Fig. 5 shows radially and time averaged conditional scalar dissipation rate. PDF averaging causes a deviation from the bell-shaped profile, inherent to the AMC model, particularly at the inlet. The conditional scalar dissipation rate is high in the pre-ignition region and rapidly decays further downstream. Fig. 6 shows the evolution of the maximum values of conditional temperature and conditional scalar dissipation rate in the axial direction, as well as conditional scalar dissipation rate around η mr . At the flame base, the conditional scalar dissipation rate is already relatively low, compared to the values at the inlet. As a consequence, at the flame base, the chemical reaction source term (T 3 ) is balanced by convection (T 1 ) and, to minor extent, by scalar dissipation rate (T 2 ), while diffusion (T 4 ) is negligible [13] . Following [10] , this is considered a second indicator of flame stabilization by autoignition, where indeed, a balance is expected between reaction and convection, with no contribution from diffusion. In contrast, propagating premixed flames are characterized by a reaction zone where the dominant balance is between reaction and diffusion, convection playing a minor role.
Cambridge case
Global discussion
The rapid decay of the conditional scalar dissipation rate and the fact that the scalar dissipation rate is low (around 5s −1 ), particularly at η mr , for a significant period (or distance in physical space) before auto-ignition takes place (Figs. 5 and  6 ), explains why first-order CMC, which is in general expected to be less accurate than second-order CMC, is adequate for the problem at hand. In [38] , it was shown for n-heptane auto-ignition and the present configuration that second-order closure is important only when the mean scalar dissipation rate is high and conditional fluctuations are large. In the case under study the region of high scalar dissipation rate is not close to the region where auto-ignition occurs, so that second-order effects are less important.
Sensitivity to velocities and temperature
The inlet fluctuations, the co-flow temperature and the co-flow velocity affect the first emergence of auto-ignition. The influence of the inlet fluctuations is examined in [13] . Here, focus is on the detail sensitivity of the system to the co-flow temperature, where range of co-flow temperatures: 935K, 945K, 960K, 980K and 1009K (Fig. 7 ) is used as well as different chemistry mechanisms. Fig. 7 shows contours of the time averaged temperature and OH mass fraction in a symmetry plane for mechanism of [22] . The auto-ignition location, which can be identified as a sudden increase in the average OH mass fraction above a certain threshold value (Y (OH) = 2×10 −4 ), shifts closer to the nozzle as the co-flow temperature increases, as expected. The similarity of temperature and OH fields confirms previous findings [21] that both temperature and OH mass fraction can be used for the determination of the ignition length.
At the lowest co-flow temperatures (T cf = 935K), the 'random spots' regime is obtained, one of the most challenging regimes to simulate. It is described as random recurring auto-ignition events. The auto-ignition kernels, generated at a certain distance from the nozzle, are convected out of the domain. At this temperature, the apparent average 'flame' stabilizes further downstream, but also the maximum temperature in physical space is not encountered around stoichiometry, but in the lean region (Fig. 7) . Clearly, such behaviour does not correspond to a lifted flame.
In Fig. 8 , a time sequence of OH mass fraction in a symmetry plane for T cf = 935K and mechanism of Li et al. [22] is shown to illustrate this. The time difference between two snapshots is 0.03ms. At time t 1 , an auto-ignition kernel, pointed with the arrow, is present. At times t 2 and t 3 , the kernel is convected downstream. Further in time, t 4 , the kernel starts to disappear while being convected downstream. At t 5 , while the OH concentration of the original kernel is still decreasing, a new kernel appears (second arrow). The new kernel is formed at roughly the same downstream location as the original one. Similar observations were made in [43] . This is followed by the growth of the new kernel and further disappearing of the old one (t 6 , t 7 and t 8 ). No ignition is observed below the height where the reaction stabilises. The process is highly transient but statistically stationary. Qualitatively, this regime is similar to the 'random spots' observed experimentally. 'No ignition' regime is not shown, but it is obtained for co-flow temperatures lower than 930K.
At higher co-flow temperatures, kernels are formed more frequently , in qualitative agreement with experimental data [44] (although the reported data on the autoignition spot frequency were given for acetylene as fuel, the trend of autoignition spot frequency with flow speed and air temperature are expected to carry over to the hydrogen case). Also, with high co-flow temperature, the kernels are convected downstream forming a diffusion flame (T cf =945K, Fig. 7) . Further increase in temperature results in flame stabilised closer to the injector, in the region of high local scalar dissipation rate. In these cases, the chemical reaction rates are enhanced by the increase of temperature and hence auto-ignition occurs closer to the injector. At temperatures, 960K and 980K, auto-ignition first occurs downstream of a final stabilisation location, and subsequently, the flame seems to move upstream by spontaneous ignition. At these temperatures, the convection-reaction balance is observed, the diffusion being small, as described in [13] . As mentioned above, this means that the flames at these higher co-flow temperatures are lifted flames stabilised by auto-ignition. At these temperatures, a higher co-flow velocity is needed to access the random spots regime. For even higher co-flow temperatures the 'flashback' regime is recovered: as soon as the fuel mixture is injected, autoignition and 'flashback' occur, resulting in a jet diffusion flame stabilised on the injector nozzle [9] . This is observed for co-flow temperature 1009K (Fig. 7) .
In other words, Figures 7 and 8 illustrate that the global experimental observations are well captured: the four regimes observed experimentally [9] , are recovered, which is a key result and which is in line with results reported in [20] .
In Fig. 9 , the ignition length observed in experiments (L min ), is compared to the present simulation results. The sensitivity of the results to the chemistry mechanism is discussed below, but clearly (L min ) reduces with increasing T cf , as it should. Notably, for the simulation results to be within the same range as the experimental data, the latter must be shifted by 50K. This is in line with results reported in e.g. [16, 20] . Indeed, in [16] , although a figure is presented similar to Fig.  9 , showing L ign as function of T cf (albeit for u f uel = 26m/s instead of 120m/s), it is stated that for T cf =960K flashback is obtained where flame attaches at the nozzle. In other words, in [16] the point of first ignition is presented, not the steady situation. In contrast hereto, Fig. 9 reports the steady state situation, i.e. L ign would have been shown as 0 for an attached flame, rather than 15d (as done in [16] ). In [20] , flashback is reported for T cf =980K, whereas the experimental data clearly report a lifted flame far away from the nozzle, which again confirms that L ign is under-predicted for a certain value of T cf .
The evolution of L ign with T cf in the simulation results is clearly non-linear, whereas the experimental data as presented may give the impression that the dependence is more or less linear. This, however, is a consequence of the fact that the data only cover a relatively limited range of conditions. Indeed, in [45] , from the group where the experiments took place, it is explicitly confirmed that the dependence is non-linear.
As expected, the effect of the fuel velocity is negligible (Fig. 10) . This is not surprising since the auto-ignition, for the case under study, occurs at very lean side.
The effect of the co-flow velocity has been investigated for T cf = 945K and 960K, with u cf = 20, 26 and 35m/s (Fig. 11) . At higher co-flow velocity, the convection term T 1 (Eqs. 4 and 5) becomes dominant what causes the flame stabilization further downstream. This confirms the important impact of the convection on the position of the stabilization point for the test case at hand [13] . The experimental finding that L min increases with u cf is well captured. The flame sensitivity to the change in u cf for T cf = 945K is stronger than for T cf = 960K, an increase from 20m/s to 35m/s moves the flame for 10.9mm further downstream with T cf = 945K, while with T cf = 960K the shift is approximately 5.4mm. However, the experimental finding that an estimated residence time until ignition also increases with u cf seems not to be captured well. This residence time scales with L min /u cf ; the different velocity in the jet and co-flow have to be taken into account for more exact estimates. This discrepancy may be due to scalar dissipation model used in the present LES-CMC implementation. Note that RANS-CMC of n-heptane in the same geometry [46] has captured this trend after an effort to predict correctly the mean scalar dissipation (in inert flow), which gives credence to attributing the present discrepancy to the LES scalar dissipation rate model. Such a study is considered beyond the scope of the present paper.
The results in Fig. 11 , also indicate that the flame is basically chemically controlled, with convection determining the location of auto-ignition and flame stabilization. In [13] , the stabilization mechanism is explored, auto-ignition or premixed flame propagation, by quantifying the balance of the terms in the CMC equation. No evidence of premixed flame propagation is found: the diffusion in physical space was negligible.
Sensitivity to the chemistry mechanism
As shown above, the flame is stabilized by auto-ignition and therefore sensitive to chemical kinetics. The influence of the choice of chemical kinetics is investigated for three mechanisms [22] [23] [24] . Fig. 9 shows that all mechanisms capture the sensitivity to the temperature changes similarly, while the absolute values are somewhat different for each mechanism. After ignition, all mechanisms also perform in a similar way (Fig. 12 , to be compared with Fig. 3 ). The mechanism of [24] predicts the highest lift-off heights while mechanism of [22] the shortest. The mechanism of [24] also exhibits stronger sensitivity to the co-flow temperature than the other two (Fig. 9) . For T cf = 935K, no ignition was even observed with mechanism [24] . Differences between mechanisms become smaller with increasing co-flow temperature, in agreement with [27] (for the test case of [8] and mechanisms of [22, 23] ). The results are also in good agreement with [21] .
In [28, 29] , a RANS-based PDF method was applied and it was reported that the predicted ignition delay times were very sensitive to the chemical kinetic rates (for the case of [8] ). In [21] we illustrate that the sensitivity for the test case at hand [9] is not the same as for case of [8] , particularly due to differences in fuel composition, although the main trends are quite similar. This justifies our sensitivity study for [9] .
The sensitivity to the co-flow velocity was also performed for T cf = 960K and different chemistry mechanisms (Fig. 13) . With increasing co-flow velocity, all mechanisms behave in a similar way: the lift-off height increases and the shift is proportional to the lift-off height for u cf = 26m/s. This was as well, not reported before.
Conclusions
The conditional moment closure with detailed chemistry has been applied, in combination with LES, to a nitrogen-diluted hydrogen jet in a turbulent co-flow stream of preheated air. The results are qualitatively consistent with experimental data. Flame stabilization occurs closer to the nozzle with a decrease in co-flow velocity and for an increase in co-flow temperature. An increase in temperature enhances the chemical reaction and hence auto-ignition occurs closer to the injector. With the present approach, all observed auto-ignition regimes in this burner have been recovered. In contrast to what was reported in our previous study [13] , the random spots regime has been discussed.
The effect of the co-flow velocity is important since auto-ignition occurs at the lean side. With higher co-flow velocity, the influence of convection becomes stronger and the flame stabilizes further downstream. The effect of the fuel velocity on the other hand is negligible.
The choice of the chemistry mechanism is important, particularly for lower coflow temperatures. Different chemistry mechanisms have been tested and have been shown to exhibit a similar qualitative behaviour. Different boundary conditions are required in order to yield the same ignition length. With increasing co-flow temperature, the differences in ignition length diminish. The good agreement with [21] has not been reported before.
Compared to [13] , first order CMC has also been illustrated to be a good modelling choice for the test cases at hand by looking at the scalar dissipation rate profiles. 
